In this paper, we propose a dual-band multiple-input multiple-output (MIMO) antenna with high isolation for WLAN applications (2.45 GHz and 5.2 GHz). The proposed antenna is composed of a mobile communication terminal board, eight radiators, a coaxial feed line, and slots for isolation. The measured -10 dB impedance bandwidths are 10.1% (2.35 GHz to 2.6 GHz) and 3.85% (5.1 GHz to 5.3 GHz) at each frequency band. The proposed four-element MIMO antenna has an isolation of better than 35 dB at 2.45 GHz and 45 dB at 5.2 GHz between each element. The antenna gain is 3.2 dBi at 2.45 GHz and 4.2 dBi at 5.2 GHz.
I. Introduction
A technology for innovatively increasing the transfer rate is required to provide an improved quality of service for wireless transmissions. Various kinds of multimedia services are required in a wireless environment. The amount of data to be transmitted has increased, as has the speed of data transmissions. Therefore, we conduct a study on a method for efficiently using limited frequencies. As part of the study, research on a multiple-input multiple-output (MIMO) system that uses a channel in the spatial domain is actively conducted. MIMO technology uses multiple antennas at both the transmitter and receiver to simultaneously transmit multiple signals using the same wireless channel. MIMO technology increases the channel capacity within limited frequency resources and provides a high data transmission rate. Further, MIMO technology can increase the capacity of wireless data tenfold without using additional frequencies and can transmit a wide range of data with high reliability. The capacity of a MIMO system is reduced owing to connections between receiver signals. The connections between signals received from different antenna devices are very important parameters in a MIMO system [1] - [8] , such as compact dual-printed inverted-F antenna diversity systems for portable wireless devices [1] , a modified planar inverted-F antenna (PIFA) and its array for MIMO terminals [2] , an integrated MIMO antenna with a high-isolation characteristic [3] , a compact four-element diversity-antenna array for personal digital assistant (PDA) terminals in a MIMO system [4] , a three-antenna MIMO system for WLAN operation in a PDA phone [5] , a novel miniaturized tri-band PIFA for MIMO applications [6] , design considerations for a low antenna correlation and mutual coupling reduction in multi-antenna terminals [7] , and a
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Jung-Nam Lee, Kwang-Chun Lee, Nam-Hoon Park, and Jong-Kweon Park compact antenna array for MIMO applications at 1,800 MHz and 2,450 MHz [8] . Since a large number of antenna devices are used in a MIMO system, when the antennas are mounted to a mobile terminal, the distance between the antennas becomes very short, which may create stronger connections between them. Since the antennas are connected to each other, a relatively low gain is obtained.
In this paper, we propose a dual-band MIMO antenna with high isolation for WLAN applications (2.45 GHz and 5.2 GHz). The proposed antenna is composed of a first radiator with one end connected to a feed line and receiving a signal within the first frequency band (2.45 GHz) and a second radiator having one end connected to a ground plane and receiving a signal within the second frequency band (5.2 GHz). To improve the isolation of the proposed antenna, narrow rectangular slots are inserted on the ground plane [1] . The measured -10 dB impedance bandwidths are 10.1% (2.35 GHz to 2.6 GHz) and 3.85% (5.1 GHz to 5.3 GHz) at each frequency band. The proposed four-element MIMO antenna has an isolation of better than 35 dB at 2.45 GHz and 45 dB at 5.2 GHz between each element. The antenna gain is 3.2 dBi at 2.45 GHz and 4.2 dBi at 5.2 GHz.
II. MIMO Antenna Design
An important aspect of the proposed antenna is a configuration in which the frequency signals in different bands do not affect each other when a plurality of small antennas are formed in a mobile communication device. In this configuration, the mobile communication device can achieve increased isolation among the plurality of antennas.
The proposed antenna is composed of four radiators, an isolation improving slot, a feed line, and a mobile communication terminal board. Figure 1 shows the geometry of the proposed MIMO antenna. The ground plane has a dimension of 50 mm × 100 mm. A dielectric substrate with a height of 0.8 mm and a relative dielectric constant of 4.5 is used. The antenna is excited using a 50-Ω coaxial feed line. The optimal parameters can be chosen as H s1 = 10 mm, H s2 = 9 mm, L s1 = 18 mm, and L s2 = 21.5 mm based on an extensive simulation using Ansys HFSS [9] .
The first radiator (2.45-GHz radiator) has one end connected to a power feeding line and receives a signal within the first frequency band (2.45 GHz). The second radiator (5.2-GHz radiator) has one end connected to a ground plane and receives a signal within the second frequency band (5.2 GHz). The first stub (P W2 ) is extended from the other end of the first radiator and finely adjusts the signal received by the first radiator. The second stub (U W ) is extended from the other end of the second radiator and finely adjusts the signal received by the second radiator and a shorting plate electrically connecting the first radiator to the ground plane.
In the antenna described in this paper, the first radiator is only connected to the coaxial feed line, and the second radiator may not be connected to the coaxial feed line but is connected to the ground plane. The signal flows along the ground plane. Therefore, even though the gain is slightly reduced, appropriate isolation between channels is provided, and it is possible to freely tune the received frequency signal.
As shown in Fig. 1(b) , to improve the isolation between the antennas mounted at the edges of the board, a plurality of slots may be formed in the ground plane [1] . Since it is possible to alter the path of the current flowing directly toward the neighboring antennas through the ground plane using individual slots, the isolation between antennas can be improved.
III. Measured and Simulated Results
Several cases for the available area are considered and simulated using Ansys HFSS, and the coupling and reflection coefficients are compared to select the best position for the elements. Figure 2 shows the coupling and reflection coefficients for the three considered cases. The antenna elements are better matched at 2.45 GHz and 5.2 GHz for case 1, which is therefore chosen.
Figure 3(a) shows the measured return losses of the proposed antenna for case 1. The antenna is measured using an Anritsu vector network analyzer in an anechoic chamber. The return losses are greater than 10 dB from 2.35 GHz to 2.6 GHz and from 5.1 GHz to 5.3 GHz. Many techniques for improving the isolation have been introduced [10] - [18] . It is difficult to integrate other elements inside the mobile terminal because the electronic band gap bores several holes into the ground plane [10] - [12] . The isolation is much improved when a short-circuit strip with [16] . However, the mobile terminal is affected manually. When using the parasitic element [17] , [18] , the space to arrange another element in the mobile terminal is decreased. In this paper, we form a slot on the ground plane to improve the isolation method [1] . Figure 4 and Table 1 show a comparison of the measured isolations with and without the use of a slot. When a slot is not used, the isolation at operating frequencies of 2.45 GHz and 5.2 GHz is measured at less than -20 dB. On the other hand, when a slot is used, the isolation of the operating frequency is Return loss (dB) 
We study the effects of the antenna geometry (P W2 , U W , and U H ) on the return loss. The effects of a 2.45-GHz tuning stub length (P W2 ) on the return loss are shown in Fig. 5(a) . From the figure, the length of the tuning stub has a profound effect on the lower frequency band (2.45 GHz) but only a small effect on the upper frequency band (5.2 GHz). As the length of the tuning stub (P W2 ) increases, the operating frequency band (2.45 GHz) is moved to a lower frequency. The effects of the 5.2-GHz radiator length (U W ) and height (U H ) on the return loss are shown in Figs. 5(b) and 5(c) To analyze in detail the effect of the isolation slot on the ground plane, the excited E-field and H-field and the surface current in the ground plane at 2.45 GHz and 5.2 GHz for the proposed MIMO system are studied. The E and H fields and the surface current are simulated using CST Microwave Studio [19] . Figures 6(a) through 6(c) show the simulated E and H fields and surface current for the case of antenna 1 excited at 2.45 GHz. As shown in the figures, it can be seen that the E and H fields and surface current are mostly focused in the 2.45-GHz slot and less so in the 5.2-GHz slot. The isolations of S 21 , S 31 , and S 41 are greatly improved, which agrees with the results shown in Fig. 4(a) . The simulated results for the case of antenna 1 excited at 5.2 GHz are shown in Figs. 6(d) through 6(f). As shown in the figures, the E and H fields and surface current are mostly focused in the 5.2-GHz slot and less so in the 2.45-GHz slot. The simulated results in Fig. 4(b) show the improvement in the measured isolations of S 21 , S 31 , and S 41 . Figs. 6(g) and 6(h) respectively show the surface current of 2.45 GHz mostly focused in the 2.45-GHz radiator and the surface current of 5.2 GHz mostly focused in the 5.2-GHz radiator. The radiators (2.45 GHz and 5.2 GHz) do not affect one another.
The measured radiation patterns of the proposed MIMO antenna at resonant frequencies of 2.45 GHz and 5.2 GHz are plotted in Fig. 7 . The radiation pattern results for three planes are shown, and the E θ and E φ components appear to be comparable in all three planes. The radiation patterns of the proposed MIMO antenna are typical of those of conventional PIFAs. For frequencies of over 2.45 GHz (2.35 GHz to 2.6 GHz) and 5.2 GHz (5.1 GHz to 5.3 GHz), the radiation patterns are similar to those shown in Figs. 7(a) through 7(f). Stable measured peak MIMO antenna gains of about 3.2 dBi at 2.45 GHz and 4.2 dBi at 5.2 GHz are obtained.
Calculation of the antenna correlation can be done using two methods. The first method uses a far-field radiation pattern [20] , and the second method uses the scattering parameters [21] . In Fig. 6 . Simulated E-field, H-field, and surface current at 2.45 and 5. 
In the design of small antennas on a mobile phone or small electric device, the radiation efficiencies are low, owing to the compressed electrical size of the mobile terminals. Therefore, the energy conservation in the envelope correlation is expected to be inadequate. The expression using the scattering parameters has a disadvantage in the case of small mobile terminal antennas. However, the envelope correlation calculated using the scattering parameters provides sufficiently 
accurate results. Figure 8 shows the simulated envelope correlation coefficients obtained. The scattering parameters are found using CST Microwave Studio. The calculated envelope correlation coefficients are depicted in Table 2 . As shown in Table 2 , the envelope correlation coefficients of the proposed MIMO antenna are substantially less than 0.5 at both 2.45 GHz and 5.2 GHz. Therefore, the four antennas are highly decorrelated.
IV. SAR Simulation of Hand and Head Phantoms
To analyze the characteristic of the MIMO antenna when the antenna is positioned in the hand and head, the antenna is simulated by applying the hand and head phantoms.
The proposed antenna includes a mobile case, LCD, and battery. The mobile case is made of rubber (ε r = 3), and the LCD and battery are PEC. The hand and head phantoms are applied to the earlier case. To model the hand and head phantoms, we use the shell (ε r = 5, loss tangent = 0.05, and material density = 1,000 kg/m 3 ) and liquid (ε r = 42, loss tangent = 0.99, and material density = 1,000 kg/m 3 ) dielectric material. Figure 9 shows the specific absorption rate (SAR) simulation model and the simulated 1-g SAR values for the proposed antenna. The SAR simulated using the IEEE C95.3 averaging method and the input power for the SAR testing is 0.126 W (24 dBm) for the WLAN frequency bands (2.45 and 5.2 GHz) [23] .
The SAR values for 1-g tissue in the cases of the hand and head are studied using the SAR simulation model provided by CST Microwave Studio. The return loss and isolation for the two cases at each operating frequency is given in Fig. 10 . Figure 10 shows the simulated return loss, isolation, and correlation coefficients resulting from using the hand and head phantoms. It is clear that there is no distinguishable difference in return loss between using the hand phantom and using only the antenna (without the hand phantom). The isolation level increases with the hand phantom. However, the envelope correlation coefficients are substantially less than 0.5. When applying the head phantom, the lower (2.45 GHz) and upper (5.2 GHz) frequency bands move to the low frequency, and the level of isolation increases. Nevertheless, the envelope correlation coefficients are substantially less than 0.5.
The comparison of the simulated results for the three cases (that is, using antenna only, hand phantom, or head phantom) at each operating frequency is given in Tables 3 and 4 . Figure 11 shows the simulated SAR field distribution of the hand and head phantoms excited at 2.45 GHz and 5.2 GHz. We simulate the effect of the SAR by the hand and head phantoms. The input power is 24 dBm at 2.45 GHz and 5.2 GHz, and the average SAR of about 1 g is obtained for the position of the hand and head phantoms. The average SARs for when the MIMO antennas are located in the hand and head phantoms are shown in Table 5 .
V. Conclusion
A dual-band MIMO antenna with high isolation for WLAN applications (2.45 GHz and 5.2 GHz) was designed and presented in this paper. The proposed antenna is composed of two radiators, the first with one end connected to a feed line and receiving a signal within the first frequency band (2.45 GHz) and the second with one end connected to the ground plane and receiving a signal within the second frequency band (5.2 GHz). To improve the isolation of the proposed antenna, 
